I. INTRODUCTION
A forming gas ͑hydrogen containing gas͒ anneal ͑FGA͒ at an elevated temperature is an essential process for standard complementary metal-oxide-semiconductor ͑CMOS͒ process flow and one of the primary issues for integration, especially postcapacitor processing. This process is required to enhance the performance of transistors by passivating interface states present at a Si/SiO 2 interface as a result of the formation of Si-H bonds from Si dangling bonds at the interface. In contrast to conventional SiO 2 based capacitors, the electrical properties of the high dielectric constant material with a Pt electrode are known to degrade severely after FGA. [1] [2] [3] In the case of Pb͑Zr,Ti͒O 3 , which has been studied extensively for its application to ferroelectric random access memories ͑FRAMs͒, the main phenomenon of the degradation is the loss of polarization hysteresis characteristics. 4 In the case of (Ba,Sr)TiO 3 ͑BST͒ thin film, which has attracted attention as a new dielectric material for next generation dynamic random access memories ͑DRAMs͒, the phenomenon is the increase in leakage current across the BST capacitor. [5] [6] [7] Many researchers have made efforts to prevent BST from degradation. For example, adding 0.5% oxygen to forming gas and using counterproposal electrode materials has been attempted. 8, 9 One proposed interpretation of hydrogen-induced degradation of the BST capacitor is Schottky barrier lowering resulting from a reduction of the top surface of the dielectric film, which causes an increase in leakage current density. 10, 11 Another interpretation is Schottky barrier lowering through hydrogen incorporation which is a mobile interstitial impurity that acts as a shallow donor dopant. 12 Among various Ru-based oxide electrodes, (Ba,Sr)RuO 3 ͑BSR͒ has been focused on as a promising electrode for a BST dielectric material due to its outstanding structural match as well as chemical compatibility with BST. This material has demonstrated many advantages as a tailored electrode for BST, such as the enhancement of interfacial properties ͑local epitaxial growth of BST and no low dielectric layer͒ with BST films, 13 yet other issues associated with process integration have to be solved for practical application of it. In this article, we evaluate the BSR electrode in hydrogen ambient by the forming gas anneal and investigate the effect of a SiO 2 capping layer on the FGA in SiO 2 /BSR/Si and SiO 2 /BSR/BST/BST/Si systems.
II. EXPERIMENT
First, BSR/Si and SiO 2 /BSR/Si structured samples were prepared to compare the behavior of BSR films with or without a SiO 2 capping layer under hydrogen ambient. All the films were deposited sequentially on a 30 mmϫ30 mm bare silicon wafer by a rf-magnetron sputtering technique. BSR films 200 nm thick were deposited on a bare silicon wafer using a uniaxially pressed Ba x Sr 1Ϫx Ru y O 3 target with purity of 99.7% at a substrate temperature of 600°C in 10 mTorr of mixed argon and oxygen gas (Ar/O 2 ϭ9). A 100 or 500 nm thick SiO 2 capping layer was deposited on the BSR films using a 99.99% pure SiO 2 target at temperature of 200°C in a mix of gas of argon and oxygen (Ar/O 2 ϭ3). The FGA was carried out at 400°C for 30 min in 10% H 2 ϩ90% N 2 . In order to exclude the effects of oxygen during the FGA, the oxygen content in the annealing chamber was monitored by a 2 and BSR films and the conditions for FGA were identical to those mentioned above. Analyses such as x-ray diffraction ͑XRD͒, scanning electron microscopy ͑SEM͒, four-point probe, and Auger electron spectroscopy ͑AES͒ depth profiling were performed to find out the effects of the FGA on the properties of the BSR or BST films. After measuring the concentration of oxygen by AES, a reproducibility test was performed to ensure the accuracy and the error range was within 1% although the specification of the apparatus was 0.2%. In order to compare changes in the electrical properties of BST before and after the FGA, the SiO 2 layer was removed by SF 6 plasma and the upper BSR film was patterned to form a top electrode with an area of 3.14ϫ10 Ϫ4 cm 2 ͑200 m in diameter͒. J -V measurement and C -V measurement were carried out by an HP4145B and an HP4284, respectively.
III. RESULTS AND DISCUSSION
A. BSR Figure 1 shows XRD patterns of the BSR/Si sample before and after the FGA. A typical x-ray diffraction peak from the as-deposited BSR film is shown in Fig. 1͑a͒ . However, the unique peak from the BSR ͑110͒ peak disappeared after the FGA, and BaO and Ru peaks appeared. It was found by four-point probe analysis that the resistivity had increased more than 1000 times after the FGA. Figure 2 shows SEM images of the surface of the BSR/Si sample before and after the FGA. Contrary to in the SEM image of the sample before the FGA ͓Fig. 2͑a͔͒, dark and bright parts are seen after the FGA ͓Fig. 2͑b͔͒. Spot analysis by an energy dispersive x-ray ͑EDX͒ spectrometer reveals that the dark area is Ru rich and the bright is Ba rich. This indicates that the BSR decomposed into BaO and Ru during the FGA process. The possible reaction is as follows:
The major changes in this reaction equation are the decomposition of (Ba x ,Sr 1Ϫx )RuO 3 and the reduction of RuO 2 . It is evident from the AES depth profile shown in Fig.  3 that the oxygen concentration in the BSR layer is reduced drastically ͑cf. be concluded from the AES analysis and reaction equation that BSR is reduced during annealing in hydrogen ambient.
The reduction of the BSR oxide electrode during the FGA indicates that it might be an inadequate material for practical applications. Therefore, a proper solution that can prevent the BSR oxide electrode from reduction is needed. In standard CMOS process flow, the FGA is performed after insulation between metal lines and passivation with SiO 2 . As a result, there is a SiO 2 layer over 2 m thick on the top electrode of the capacitor. Therefore, actual evaluation of the degradation of the electrode needed to be done.
The samples with either a 100 or a 500 nm thick SiO 2 capping layer, that is, a SiO 2 /BSR/Si structured one, was prepared and the FGA was performed. After removal of the SiO 2 layer by dry etching, XRD analysis was carried out and the results are shown in Fig. 4 . Contrary to the BSR which was directly exposed to forming gas, the BSR ͑110͒ peak remains even after the FGA in the 100 nm thick SiO 2 sample, as well as in the 500 nm thick one. In addition, the electrical resistivity and surface morphology of the SiO 2 capped samples turned out to be the same as those of the as-deposited samples. Figure 5 shows a surface SEM image of the BSR capped with 100 nm thick SiO 2 film after the FGA and decapping SiO 2 . The image is almost the same as that in Fig. 2͑a͒ , which is an image before the FGA, and no dark and bright areas are found. Figure 6 is an AES depth profile analysis of the SiO 2 capped BSR after the FGA. When the reduction of BSR takes place, we expect a decrease of the oxygen concentration and a change of the Ru profile in the AES depth profile. However, the oxygen concentration remained at 40%, which is identical to that of the as-deposited BSR film ͑cf. Fig. 7͒ and there is no noticeable change in the Ru profile. These facts mean that the BSR film capped with the SiO 2 layer is quite resistive to reduction.
On the basis of this result, we investigated the effect of the FGA on BST with the BSR as its top and bottom electrodes. The effect of a SiO 2 capping layer on the top electrode was also examined and 100 nm thick SiO 2 , rather than 500 nm thick, was prepared in order to observe the effects of the FGA more clearly.
B. BSRÕBSTÕBSR capacitor
When the reduction reaction occurred in the sample, the oxygen concentration decreased. Therefore, the oxygen concentration was taken as a criterion by which to determine whether reduction took place or not and to what extent it did. Electrical properties, such as the dielectric constant and leakage current density, were also measured. The AES depth profile of the as-deposited sample with a capacitor structure was measured in order to obtain reference data before the FGA and the results are shown in Fig. 7 . The maximum atomic concentrations of oxygen in each layer were 40% and 58% for BSR and BST, respectively. Since SiO 2 is known to not be responsive to the FGA, its oxygen concentration is taken from the results shown in Fig. 6 and it is 61%. Figure 8 shows an AES depth profile of the SiO 2 /BSR/BST/BSR/Si sample after the FGA. The overall profile is similar to that of the reference data shown in Fig. 7 . The atomic concentrations of oxygen in each layer were 39%, 58%, and 61% for BSR, BST, and the SiO 2 capping layer, respectively. Although a 1% decrease in the oxygen concentration of the BSR and BST is observed, it is within the error range. This result indicates that a reduction reaction of BST as well as of BSR does not take place by adoption of the SiO 2 capping layer. The dielectric constant and leakage current density were measured and the results are shown in Fig. 9 . In the case of the dielectric constant shown in Fig.  9͑a͒ , almost identical values are obtained in both cases through the entire sweep voltage range. On the other hand, the leakage current density shown in Fig. 9͑b͒ increased slightly after the FGA. However, compared with the leakage current density of the BST films with metal electrodes such as Pt and Pd after the FGA ͑in the range of 10 Ϫ4 A/cm 2 ), the increment is small and the value at 1 V is in the range of 10 Ϫ7 A/cm 2 . 6,7 Therefore, it can be concluded that the degradation of (Ba,Sr)TiO 3 during the FGA is protected by the SiO 2 capped (Ba,Sr)RuO 3 electrode.
In order to accept this conclusion, however, two ambiguous points must be clarified. The first one is whether the hydrogen could penetrate the SiO 2 capping layer in this experiment or not. The second one is that the SiO 2 /BSR/BST/BST system seems to not have a hydrogen ion which is known as the main factor in lowering the Schottky barrier, because there is no Pt in the system.
There are many reports that indicate the cause of the degradation in the electrical properties of BST with a Pt electrode is the catalytic activity of Pt on hydrogen, which produces very active ionized hydrogen. Therefore, if a Pt layer were inserted between the SiO 2 capping layer and the BSR top electrode and the FGA were carried out, the first point could be clarified. Figure 10 shows an AES depth profile of the SiO 2 /Pt/BSR/BST/BSR/Si sample after the FGA. The atomic concentrations of oxygen in each layer were 31%, 53%, and 62% for BSR, BST, and the SiO 2 capping layer, respectively. The decreases in the oxygen concentration of BSR and BST were 9% and 5%, respectively. The decrease in oxygen concentration indicates that BST and BSR were partially reduced. Consequently, it turns out that a sufficient concentration of H 2 to reduce the BSR and BST had diffused into the sample through the SiO 2 capping layer during the FGA. In order to clarify the second point, the SiO 2 /BSR/BST/BSR/Si capacitor structured sample should be under the ambient of a H ϩ ion. This situation can be achieved as follows: Pt absorbs hydrogen at elevated temperature and makes H ϩ . 14 Moreover, the diffusivity of H ϩ in SiO 2 is about two orders of magnitude higher than that of H 2 . It is also known from previous studies of both bulk BaTiO 3 and SrTiO 3 ceramics and single crystals indicate that H ϩ is highly soluble and has a small activation enthalpy for migration ͑ϳ1 eV͒. 15 Therefore, if a Pt layer were formed on the SiO 2 /BSR/BST/BST/Si structured sample and the FGA were carried out, it is possible to supply H ϩ to the sample in large amounts. Figure 11 shows an AES depth profile of the Pt/SiO 2 /BSR/BST/BST/Si sample after the FGA. The overall profile under the Pt layer is similar to that of the SiO 2 /BSR/BST/BST/Si sample shown in Fig. 8 . The atomic concentrations of oxygen in each layer were 39%, 58%, and 61% for BSR, BST, and the SiO 2 capping layer, respectively. Although a 1% decrease in oxygen concentration in the BSR is observed, it is within the error range. Moreover, it was found from I -V measurement that the leakage current density at 1 V is in the range of 10 Ϫ7 A/cm 2 ͑not shown͒. Therefore, it can be concluded that BST with a SiO 2 capped BSR electrode is stable even under a high reducing ambient.
IV. SUMMARY
In this work, we have evaluated the BSR electrode in hydrogen ambient by a forming gas anneal, which is one of the primary issues associated with process integration, and investigated the effect of a SiO 2 capping layer on the FGA in SiO 2 /BSR/Si and the SiO 2 /BSR/BST/BST/Si systems. It was confirmed that the BSR film directly exposed to H 2 ambient was damaged severely, which resulted in its reduction and phase separation to BaO and Ru. This means that BSR might be an inadequate material for practical devices. Therefore, some process or technique that could protect the BSR oxide electrode from reduction needed to be provided and the adoption of a SiO 2 capping layer was chosen. Samples with 100 or 500 nm thick SiO 2 capping layers, that is, SiO 2 /BSR/Si samples, were prepared and the FGA was performed. Even in the case of capping with a 100 nm thick SiO 2 layer, the reduction of BSR during the FGA was inhibited. As a result, the BSR ͑110͒ peak, resistivity, and surface morphology did not change after the FGA.
In addition, the effect of the FGA on BST with BSR electrodes with a 100 nm thick SiO 2 capping layer on the top electrode was investigated. The reduction reaction of the BST as well as that of the BSR in the SiO 2 /BSR/BST/BSR/Si capacitor structure was effectively inhibited. As a result, the dielectric constant of the forming gas annealed sample is almost identical to that of the asdeposited one through the entire voltage sweep range. Although the leakage current density increased slightly after the FGA, the increment is small and the value at 1 V is in the range of 10 Ϫ7 A/cm 2 . Therefore, it was concluded that the BSR electrode with the SiO 2 capping layer is effective in protecting the BST capacitor during the FGA and reduction of the capacitor and electrode was inhibited by SiO 2 capping.
In order to make certain of these conclusions, we performed several kinds of relevant experiments. By analyses of the SiO 2 /Pt/BSR/BST/BSR/Si sample after the FGA, it was proven that a sufficient concentration of H 2 to reduce BSR and BST diffused into the sample through the SiO 2 capping layer, and by those of the Pt/SiO 2 /BSR/BST/BST/Si sample, it was found that BST with a SiO 2 capped BSR electrode is stable even under a highly reducing ambient. Therefore, the protection of BST with SiO 2 capped BSR from degradation is mainly due to the capping with SiO 2 , and the possible role of the SiO 2 capping layer on the prevention is believed to be the blocking capability of SiO 2 against the diffusion of the reaction products in Eq. ͑1͒, such as H 2 O, which suppresses the reduction reaction of the sample. 
